Background: Tom40 has been modeled as a 19-strand ␤-barrel after the three-dimensional structure of porin. However, a 13-strand model for porin also exists. Results: Several ␤-strands were mapped in Tom40, all are predicted by the 19-strand model. Conclusion: Data support the 19-strand model for Tom40. Significance: Predictions relating the Tom40 structure and function can be made with more confidence.
Mitochondria of eukaryotic cells contain a small genome that encodes a few proteins necessary for complete mitochondrial function. However, the vast majority of mitochondrial proteins are encoded in the nucleus, synthesized on cytosolic ribosomes, and imported into the organelle. Most nuclear-encoded mitochondrial proteins enter the organelle via the translocase of the outer mitochondrial membrane (TOM) 2 complex (1-7). The TOM complex of both Saccharomyces cerevisiae and Neurospora crassa consists of five core proteins (Tom40, Tom22, Tom7, Tom6, and Tom5) and two receptors (Tom70 and Tom20) that are more loosely associated. The TOM complex of animals is quite similar to the fungal version, whereas the plant complex contains several different subunits (8, 9) . Although some of the components of the TOM complex may vary in different organisms, the Tom40 protein is highly conserved (10 -13) . The protein forms the actual pore through which mitochondrial proteins traverse the outer membrane from the cytosol (14 -17) and has been shown to be essential for the viability of both S. cerevisiae and N. crassa (18, 19) . Tom40 is thought to exist as a ␤-barrel within the outer membrane and secondary structure analysis has confirmed a high level of ␤-sheet structure (14, 17, 20, 21) . Although the overall appearance of the TOM complex has been revealed through electron microscopy studies (15, (22) (23) (24) , no three-dimensional structure of Tom40 has been determined.
The most common ␤-barrel protein in the mitochondrial outer membrane is the voltage-dependent anion channel, also known as porin. The three-dimensional structure of human and mouse porin has been determined by three independent groups utilizing NMR and x-ray crystallography (25) (26) (27) . Each of these studies resulted in a model of porin as a 19-stranded ␤-barrel structure with an N-terminal ␣-helix plugging the pore in the closed state. Comparative studies have revealed a phylogenetic relationship between Tom40 and porin (10 -13, 25) . The relationship between the two proteins, coupled with extensive bioinformatic analysis and other experimental approaches, has led to the development of 19 ␤-strand models of Tom40 based on the known structure of porin (11) (12) (13) 28) . Tom40 is also thought to have an ␣-helical region near the N terminus, preceding the ␤-strands.
There is general acceptance of the 19-strand porin structure (hereafter known as the "three-dimensional model") in the literature (13, 29, 30) . However, it has been pointed out that the three-dimensional model conflicts with conclusions based on many previous biochemical and functional studies of porin (31) (32) (33) (34) (35) (36) (37) (38) (39) . As a result, it has been suggested (36) that the threedimensional structure was actually determined on a non-native form of the protein that arose during its purification for structural analysis. An alternate model of porin structure (hereafter referred to as the "biochemical" or BIO model), based on the functional data, suggests that the porin channel exists in a structure containing 13 ␤-strands with an ␣-helical region near the N terminus (36) .
Because the current model for Tom40 structure is largely derived by modeling on the porin structure, any controversy regarding the structure of the latter will affect the reliability of the Tom40 model. In this report we describe the use of the substituted cysteine accessibility method (SCAM) to provide evidence for the location of several potential ␤-strands within N. crassa Tom40 (NcTom40). To determine the orientation of the protein in the membrane, we also inserted protease factor Xa sites at various positions of the protein for protease accessibility studies in both intact mitochondria and crude mitoplasts. Our data support the existence of at least six of the ␤-strands predicted in the 19-strand three-dimensional model. Two of these six would not be predicted if Tom40 were modeled after the 13-strand BIO model of porin. Because our SCAM study was performed on Tom40 protein present in intact mitochondria it seems likely that the protein was in its native conformation. Thus, our results favor the modeling of Tom40 as a structure containing 19 ␤-strands. Previous studies on NcTom40 (19, 40) that described the effects of mutations on its function, assembly, and stability have been re-examined in light of the current 19 ␤-strand model of the Tom40 structure.
EXPERIMENTAL PROCEDURES
Strains and Growth Conditions-N. crassa was routinely grown in Vogel's medium at 30°C as described (41) . The N. crassa strains used as controls, or as parents to develop strains containing specific tom40 mutations, are listed in Table 1 . Strains expressing Tom40 proteins with individual site-directed mutations were generated by transformation with plasmids carrying tom40 genes, specifically altered by site-directed mutagenesis, into one of two sheltered heterokaryons. Each of the heterokaryons is composed of one nucleus with a non-functional allele of tom40 and another nucleus with a wild type version of the gene. The first heterokaryon (RIP40het) was isolated (19) using the technique of sheltered RIP (repeat-induced point mutation). The second (Tom40 KO-5) was developed by the method of sheltered disruption in heterokaryon HP1 as described previously for mutants of Tob55 (42) . The nuclei of the heterokaryons can be differentiated and selected using differing auxotrophic and drug-resistance markers. Thus, trans-formants of the tom40 knock-out nucleus can be directly selected as viable transformants when mutant (but still functional) alleles of tom40 are introduced. Following selection and purification, homokaryotic strains expressing a specific version of the Tom40 protein are obtained.
A total of 103 strains containing changes for individual residues in Tom40 for SCAM analysis were constructed in either RIP40het or Tom40 KO-5. Selection for transformants made in RIP40het (mutations to Cys residues at positions 144 to 182 and 316 to 339) was for the Host V genotype so that they have the genetic background cyh-2 lys-2 leu-5 mei-2 a. Those created in Tom40 KO-5 (Cys mutations at residues 90 to 120 and 135 to 143) were selected for the 76-26 nucleus and these have the genetic background his-3 mtrR a. All the selected transformants also carry an ectopic copy of tom40 containing a single codon change to give Cys at the desired position. Seven strains with triple factor Xa cleavage sites inserted at specific sites of the Tom40 protein were constructed using heterokaryon Tom40 KO-5. Transformants of the 76-26 nucleus were selected so that they have the genotype his-3 mtrR a. These strains also contain an ectopic copy of tom40 containing a triple factor Xa site at one specific location as described under "Results."
All Cys-substituted versions of Tom40 were created in plasmid pC8, which carries bleomycin resistance and a tom40 gene whose lone endogenous Cys codon had been changed to encode Ala. The triple factor Xa containing versions of tom40 were created in plasmid pB3, which is identical to pC8 except that the endogenous codon for the Cys residue of tom40 was not mutated. Single factor Xa sites (Ile-Glu-Gly-Arg encoded by ATCGAGGGGAGG) were added sequentially using three successive rounds of site-directed mutagenesis to create triple factor Xa sites at the desired location of the protein. All genes modified by site-directed mutagenesis were sequenced to confirm the desired change and ensure that no other random mutations had been introduced. Sheltered heterokaryon: (cyh-2 lys-2 leu-5 mei-2 tom40RIP ϩ am132 inl inv mei-2) both nuclei contain the ectopic tom40RIP
MateV x 40Dup1 (19) C294A (170-6) cyh-2 lys-2 leu-5 mei-2 tom40RIP contains ectopic copy of tom40 with sole Cys residue 294 changed to Ala.
Transformation of RIP40het with plasmid pC8 L10C (10-2-1) cyh-2 lys-2 leu-5 mei-2 tom40RIP contains ectopic copy of tom40 with Cys-294 changed to Ala and Leu-10 residue changed to Cys.
Transformation of RIP40het with specific SCAM plasmid construct L322C (322-5-1) cyh-2 lys-2 leu-5 mei-2 tom40RIP contains ectopic copy of tom40 with Cys-294 changed to Ala and Leu-322 residue changed to Cys.
Transformation of RIP40het with specific SCAM plasmid construct S344C (344-4-1) cyh-2 lys-2 leu-5 mei-2 tom40RIP contains ectopic copy of tom40 with Cys-294 changed to Ala and Ser-344 residue changed to Cys.
Transformation of RIP40het with specific SCAM plasmid construct
Mitochondrial Isolation-Mycelium was grown at 30°C and harvested by filtration. For SCAM analysis the cells were ground using a mortar and pestle in the presence of sand and PBSSP isolation buffer (phosphate-buffered salts, sucrose, phenylmethylsulfonyl fluoride (PMSF): 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4, 0.25 M sucrose, 1 mM PMSF). Mitochondria were isolated by differential centrifugation as described previously (43, 44) . For all other experiments, mitochondria were isolated using buffers described previously (43) .
SCAM Biotin Maleimide Labeling-Maleimide labeling reagents react with the thiol group of Cys residues in an aqueous environment (45) . We reasoned that ␤-strands in membrane-embedded ␤-barrel proteins would be expected to give an alternating label/no label pattern of labeling. This would reflect the orientation of R-groups in the amino acid residues of a ␤-strand, which would alternate between existing in the aqueous lumen of the pore and being embedded in the membrane. SCAM was performed with mitochondria that were either freshly isolated or that had been frozen at Ϫ80°C immediately after isolation. Mitochondria (50 -200 g of protein) were suspended in 500 l of PBSSP. 10 l of labeling reagent (EZ-link TM maliemide-PEG2-biotin, Thermo Fisher Scientific, Rockford IL), dissolved at a concentration of 40 mM in PBSSP, was added and the samples were rocked at room temperature for 2 h. Mitochondria were re-isolated and washed twice with PBSSP containing 1% ␤-mercaptoethanol to quench excess labeling reagent.
Because Tom40 is an integral membrane protein, an alkaline extraction was performed, as described previously (44) , following the second wash to minimize background signal from contaminating soluble proteins. The pellets were resuspended in lysis buffer (50 mM Tris, pH 7.4, 1% sodium deoxycholate, 0.1% Triton X-100) and rocked at 4°C for 30 min. The sample was then clarified by centrifugation at 11,000 ϫ g for 30 min at 4°C. The clarified supernatant was collected for Tom40 immunoprecipitation. Immunoprecipitation was performed overnight with gentle rocking at 4°C using Protein A-agarose beads that had been cross-linked (using dimethyl pimelimidate) to IgGs from rabbit antiserum directed against N. crassa Tom40. Beads were purified, following the cross-linking step, by centrifugation at 11,000 ϫ g for 4 min at 4°C and three washes with lysis buffer.
Cracking buffer (0.06 M Tris-HCl, pH 6.8, 2.5% SDS, 5% ␤-mercaptoethanol, 5% sucrose) was added to the beads with bound Tom40 and the mixture was shaken for 30 min at room temperature followed by incubation for 20 min at 95°C. The beads were then removed by centrifugation at 11,000 ϫ g for 4 min at 4°C. The Tom40 containing supernatant was electrophoresed through a 10% SDS-PAGE gel. Proteins were then transfered to a nitrocellulose membrane. The membrane was blocked with 3% bovine serum albumin (BSA) in TBS-Tween (150 mM NaCl, 12.5 mM Tris, pH 7.5, 0.5% Tween 20) and then probed via incubation for 2 h with either streptavidin-HRP (horseradish peroxidase) conjugate or streptavidin-biotinylated HRP complex in 3% BSA/TBS-Tween 20 (both obtained from Amersham Biosciences). Both of these reagents bind with the free biotin moieties carried on the SCAM labeling reagent if it reacted with a given Cys-substituted Tom40 protein. Following three washes in TBS-Tween and one in TBS, the membranes were saturated with enzyme-catalyzed light reagents (KPL, Gaithersburg, MD) and signal was detected via exposure to x-ray film (Biomax XAR, Eastman Kodak Co.).
General Procedures-Mitochondrial proteins were analyzed by either SDS-PAGE (46) or blue native gel electrophoresis (BNGE) (47, 48) . Western blotting (49) , import and assembly of proteins into isolated mitochondria (50), analysis of TOM complex stability (51), and transformation of N. crassa (42) were performed as described previously. Factor Xa protease was obtained from New England Biolabs (Ipswich, MA) and used in accordance with the suppliers instructions. When required, mitochondria were converted to "crude mitoplasts" as described previously (52) . This procedure ruptures the outer membrane but does not remove it. This results in the release of the contents of the intermembrane space (IMS) and makes both the cytosolic and IMS sides of the outer membrane accessible to added proteases. In some cases irrelevant lanes were electronically removed from gel blots or autoradiograms.
RESULTS
To establish a known anchor point for the topology of the predicted structure of NcTom40 we wished to obtain experimental evidence for the existence of the most C-terminal predicted ␤-strand (strand 19 of the three-dimensional model), which has been shown to contain the ␤-signal for insertion of the protein into the mitochondrial outer membrane by the sorting and assembly machinery) complex (28, 53) , and also verify that the C terminus of the protein exists in the IMS. Establishing these positions would allow firm predictions for the location of loops between strands as being in either the cytosol or IMS in any model of the protein.
A Cys-scanning approach was used to provide evidence for the location of ␤-strand 19 of the NcTom40 protein. Although we are not aware of previous attempts to map membrane spanning ␤-strands by SCAM, we reasoned that residues of a ␤-strand whose R-groups reside in the aqueous environment of the pore lumen would be able to react with the maleimide labeling reagent, whereas those that are embedded in the hydrophobic bilayer would be unable to react. Given that the R-groups of residues comprising ␤-strands in a membrane-localized ␤-barrel should alternate between the pore lumen and the membrane, an alternating pattern of label/no label was expected for residues in a ␤-strand. This pattern should often be found to correspond to an alternating pattern of hydrophilic and hydrophobic residues. To validate the Cys-scanning approach for Tom40 we used a version of the tom40 gene with the endogenous Cys changed to Ala, to introduce new Cys codons at either amino acid positions 10 or 344, near the N and C terminus of the 349-residue protein, respectively. These residues should act as positive controls for the labeling procedure because, to our knowledge, neither of these residues has been predicted to be in a ␤-strand, or any other membrane spanning domain, in any model of the fungal protein published to date. Both residues were shown to be accessible to the labeling reagent, whereas the control Tom40 protein in which the only endogenous Cys residue had been changed to Ala, was not labeled (Fig. 1A) .
Individual mutant versions of the tom40 gene encoding Tom40 proteins with Cys residues at each of positions 316 to 339 were then constructed in a copy of the gene in which the lone endogenous Cys codon had been changed to Ala. The resulting individual Cys-mutant forms were transformed into a sheltered heterokaryon as described under "Experimental Procedures" to yield homokaryotic strains expressing different Cys-mutant versions of the protein. All of the Cys substitution constructs gave rise to viable homokaryotic strains in the appropriate nuclear background. Because Tom40 is essential for viability (19) , this suggests that no gross structural or functional abnormalities resulted from the Cys substitutions. Mitochondria were then isolated from each of the mutant strains and the ability of residues 316 to 339 to react with biotin maleimide was examined. The predicted alternating pattern of label/no label for a ␤-strand was observed for residues 319 to 327 (Fig. 1B) . The results also demonstrate that residues 328 to 339, which are C-terminal to the ␤ strand, and residues 316 to 318, which are N-terminal to the ␤ strand, were labeled ( Fig.  1B) . These data provide good experimental support for the existence of the predicted ␤-strand 19 and for the approach of Cys scanning to detect membrane spanning ␤-strands. The results are also in agreement with cross-linking data suggesting the existence of ␤-strand 19 in S. cerevisiae (28) .
The two regions immediately flanking ␤-strand 19 must exist on opposite sides of the mitochondrial outer membrane. To demonstrate that the C terminus occurs in the IMS, as suggested by previous studies (14, 16) , we constructed tom40 variants encoding three tandem factor Xa protease sites between residues 316 and 317 (site Xa5), 317 and 318 (site Xa6), and following the C-terminal residue 349 (site Xa8). The position of these and other factor Xa sites created (described below) relative to the predicted 19 ␤-strands, IMS loops, and cytosolic loops of the three-dimensional model is shown in Fig. 2A . Mitochondria isolated from strains expressing these Tom40 proteins were treated with externally added factor Xa protease. A description of fragments expected to be produced upon factor Xa cleavage of Tom40 containing these sites is given in Fig. 2B . The site at the C terminus of the protein (Xa8) was found to be resistant to cleavage, whereas the two Tom40 proteins carrying sites just preceding the ␤-strand (Xa6 and Xa5) were accessible to the protease (Fig. 2C ). Converting mitochondria that contain site Xa8 to crude mitoplasts makes the site accessible to the added protease as shown by the slight increase in electrophoretic mobility that occurs as the result of the loss of factor Xa sites at the very C terminus of the protein (Fig. 2C ). This result eliminates the possibility that the site is simply in a conformation that makes it unavailable for factor Xa digestion. Taken together these data strongly suggest that the C terminus of NcTom40 is present in the IMS and protected from externally added protease, whereas the region just prior to the ␤-strand is exposed on the cytosolic side of the mitochondrial outer membrane. We found that factor Xa cleavage of Tom40 was almost never complete under the conditions used in these experiments.
We continued our examination of the model for NcTom40 structure by Cys scanning and factor Xa site accessibility. The regions predicted to contain ␤-strands 3, 4, 5, 7, 8, and 9 of the three-dimensional model (12) were examined by Cys scanning. Residues near the C-terminal end of strand 6 were also examined. Good evidence for predicted strands 3, 4, 5, 7, and 9 was obtained as residues 95-101 (strand 3), 104 -112 (strand 4), 114 -120 (strand 5), 143-153 (strand 7), and 172-178 (strand 9) display an alternating pattern of labeled and unlabeled residues ( Fig. 3 ). ␤-Strand 6 is predicted to occur from residues 130 to 136. We examined only three residues in this region, but see one unlabeled residue (135) and two labeled residues (136, 137) that may correspond to the C-terminal end of the strand. ␤-Strand 8 is predicted to exist from residues 155 to 161. Here we observed the alternating pattern only for residues 160 -162 (Fig. 3) . The remaining N-terminal residues predicted to be in the strand are unlabeled. A possible explanation for the lack of labeling in the N-terminal region of strand 8 may be that it interacts with the N-terminal ␣-helix of the protein. In the porin three-dimensional structure, an N-terminal ␣-helix was found to reside within the pore when the protein was in the closed state (25) (26) (27) (28) . One study identified a small hydrophobic patch of the pore lumen involving ␤-strands 9 and 10 that interact with the defined residues of the ␣-helix (26) . Another study suggested that the ␣-helix was orientated adjacent to ␤-strands 8 to 19 with specific hydrogen bonds identified between the ␣-helix and residues at the N-terminal end of ␤-strand 8 (27) . This correlates to the region of strand 8 lacking the anticipated labeling in our SCAM data (Fig. 3) . Thus, if the predicted ␣-helix at the Tom40 N terminus behaves in a similar manner, it might shield residues in strand 8 from the labeling reagent. Interest-V316C  T317C  Q318C  Q319C  A330C  S331C  L335C  D332C  V333C  D334C  Q336C  E337C  Q338C  Q339C  A320C  K321C  L322C  I328C  S327C  V326C  S325C  M324C  G323C  E329C  L10C S344C
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β-strand 19 FIGURE 1. Defining the position of the C-terminal ␤-strand of NcTom40. A, SCAM analysis of control strains. Strains were developed that expressed Tom40 protein that lacked any Cys residues (No Cys) or contained single Cys residues near the N or C terminus of the protein (L10C and S344C) at positions predicted to be labeled by the maleimide reagent. Mitochondria were isolated from the strains and exposed to the labeling reagent, Tom40 was immunoprecipitated, and Western blot analysis using streptavidin-HRP to detect biotin maleimide-labeled Tom40 molecules was performed as described under "Experimental Procedures." The appearance of a band at a given position indicates that the Cys residue is present in an aqueous environment and is able to react with the biotin maleimide. B, as in A, except that mitochondria for SCAM analysis were isolated from strains expressing Tom40 with single Cys substitution mutations at the indicated positions. The region that conforms to the predicted alternating labeling pattern for ␤-strand 19 is indicated by a solid black line. The region predicted as ␤-strand 19 for NcTom40 by modeling (12) is shown by a red dotted line. The results for the Cys mutant strains were not all derived from the same gel/Western blot. Controls were present on each gel/blot, but these and other irrelevant lanes have been removed to allow linear presentation of data.
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ingly, cross-linking studies have shown the S. cerevisiae Tom40 N-terminal ␣-helix resides within the TOM complex channel in close proximity to ␤-strand 9 (28). Our evidence for ␤-strand placement is summarized ( Fig. 4) relative to the predictions for the placement of ␤-strands in the N. crassa and human Tom40 proteins and in comparison to the three-dimensional and BIO models for the porin structure (11) (12) (13) 36) . Additional factor Xa sites were inserted into the gene between residues 168 and 169 (site Xa4), residues 164 and 165 (site Xa3), residues 149 and 150 (site Xa2), and residues 108 and 109 (site Xa1) of the protein. The location of these sites and the predictions for cutting and fragment size are shown on Fig. 2, A  and B , with respect to the 19-strand model. As expected, cleavage occurred in whole mitochondria at sites Xa3 and Xa4, which should be accessible from the cytosolic side of the membrane. We were uncertain if the constructs containing sites Xa1 and Xa2 would give rise to viable transformants because the sites of insertion occur within predicted ␤ strands (strands 4 and 7, respectively) but transformants were obtained. For site Xa1, the protein was cleaved by factor Xa in whole mitochondria. We interpret this as a triple factor Xa site (12 residues in total) that begins within a ␤-strand and emerges in the cytosol where it is accessible to externally added protease ( Fig. 2A) . On the other hand, for site Xa2, the cleavage site would be predicted to emerge within the IMS and be inaccessible to added factor Xa protease. In agreement with this interpretation, the Xa2 site was not cut by the enzyme in whole mitochondria but was cut when mitochondria were converted to crude mitoplasts (Fig. 2C ). As mentioned above for mapping Factor Xa sites near the C terminus, cleavage was not complete under the conditions used.
The fact that all Cys and factor Xa mutants created are viable demonstrates that the mutant Tom40s are functional, because the protein is known to be essential for viability (19) . However, to evaluate possible minor alterations in protein function we examined various aspects of Tom40 function in a few selected mutants. Western blot analysis was performed on mitochondria isolated from each of the Cys-mutants from residues 94 to 106 to determine the levels of various TOM complex components ( Fig. 5A ). Despite slight differences in protein level between certain strains, it appears that TOM components are not severely altered in any of the mutants. TOM complex stability in Cys substitution strains 103 to 108 was analyzed via BNGE following solubilization of mitochondria in either digitonin or dodecylmaltoside. All mutant mitochondria maintain near wild type TOM complex stability (Fig. 5B) .
To evaluate TOM complex function in Cys-mutants 104 to 108, we analyzed in vitro import of the radiolabeled F 1 ␤ (␤-subunit of the F 1 portion of ATP synthase) and ADP/ATP carrier precursors into isolated mitochondria. The import of these precursors into mitochondria confirm that the Tom40 Cys-mutant TOM complexes examined maintain their function (Fig.  5C ). We also examined the ability of Cys-mutant TOM complexes to assemble wild type Tom40 precursor into the TOM complex. The presence of the precursor in two Tom40 assembly intermediates and the fully assembled TOM complex, as described previously (19, 55) , suggests that the Tom40 assembly pathway is functional in the mutant strains examined (Fig.  5D ). Some variability among the mutant strains was observed. In particular Cys-mutant A107C has an overall reduction in Tom40 assembly compared with control and other strains Xa2   Xa3   Xa8   Xa1   1  5  2 3 4  19  18  17  16  15  14  13  12  11  10  9 , and IMS loops shown as predicted for the 19-strand model (12) . The locations of triple factor Xa sites introduced into the protein in individual strains are indicated by red arrows. B, the sites where triple factor Xa sites were inserted into the NcTom40 protein, the predicted sizes (kDa) of the N-and C-terminal (N-term and C-term) fragments that would be produced by cleavage at those sites, and the prediction of cleavage by factor Xa treatment of intact mitochondria, based on the 19 ␤-strand structural model, are shown. The predictions assume that the C terminus exists in the IMS and that triple factor Xa sites beginning within a ␤-strand have at least one or two of the Xa sites exposed in the compartment that is at the C-terminal end of the insertion site. The actual result of cleavage by factor Xa protease, as shown in panel C, is also given. C, the two top panels show Western blots of isolated, mitochondria (mitos) containing Tom40 protein with factor Xa sites inserted at the positions indicated in panel A. Mitochondria were treated with factor Xa protease (fxa) or left untreated (as indicated) and then subjected to SDS-PAGE and Western blotting. The two lower panels are identical to the upper panels, except that the mitochondria were subjected to a procedure that creates crude mitoplasts, prior to treatment with factor Xa. This allows the protease access to the IMS and exposes both sides of the outer membrane to the protease. The two left panels were immunodecorated with antibody produced to a peptide corresponding to the first 12 amino acids of NcTom40 (N-term ab). The two right panels were decorated with antibody produced to a peptide for the last 12 amino acids of NcTom40 (C-term ab). The ct lanes are mitochondria isolated from a control strain (76-26) containing no factor Xa sites. The positions of standard molecular weight markers are shown on the right side of the blots. The C-terminal antibody detects an unknown band in certain lanes, just below the full-length proteins.
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examined. However, both intermediates and the final complex are observed at both time points suggesting a normal, but slightly delayed assembly process. Thus, despite quantitative differences, all Tom40 mutants are functional and give rise to viable cells.
DISCUSSION
In general, our approach of analyzing N. crassa Tom40 using SCAM has proven successful. Formally, our SCAM data do not prove the existence of a ␤-strand in a given region, rather they simply demonstrate that the predicted pattern of labeling occurs. Conceivably, this pattern could occur in non ␤-strand regions where alternate residues might be shielded from interaction with the labeling reagent by mechanisms such as protein-protein interactions. However, this seems unlikely as a random occurrence. Furthermore, our data are generally congruent with the predicted location of ␤-strands in Tom40 from bioinformatics and modeling studies (11) (12) (13) . Because labeling was performed in whole mitochondria, it is likely that the protein was in its native conformation. The predicted alternating pattern of labeling for a ␤-strand in a membrane-bound ␤-barrel protein was seen in at least six regions (strands 3, 4, 5, 7, 9, and 19) of the three-dimensional model, with portions of two others (strands 6 and 8) also observed. All of the strands detected correlate well with strands predicted in the recent models of the Tom40 structure that were modeled after the three-dimensional structure of the related ␤-barrel protein, porin.
Eloquent arguments have been made for and against each of the two current models for porin structure: the 13-strand BIO model and the 19-strand three-dimensional model (29, 36) . Our data do not directly relate to this discussion. However, given the compelling evidence for a phylogenetic relationship between Tom40 and porin, and the likelihood that both contain the same number of ␤-strands, our data indirectly support the three-dimensional model of porin, at least with respect to the regions analyzed. Specifically, residues within strands 4 and 7 of the three-dimensional model are not predicted to be membrane spanning ␤-strands in the BIO model of porin but these regions did display the pattern of labeling predicted for a ␤-strand in our study ( Figs. 3 and 4 ). It should also be noted that if Tom40 were modeled after the BIO model of porin, the residues comprising ␤-strand 4 of the three-dimensional model and the location of our factor XaI site would be predicted to occur within a loop located in the IMS and would only be accessible to the protease in crude mitoplasts. As shown in Fig. 2 , this site was cleaved in intact mitochondria, in agreement with the prediction using the 19-strand model. Our results using SCAM analysis of Tom40 in whole mitochondria suggest that direct AUGUST 1, 2014 • VOLUME 289 • NUMBER 31
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insight into the debate about porin structure could be gained using a similar approach.
Although there is generally good correspondence between the location of the predicted strands for NcTom40 (12) and those suggested by the SCAM-mapping approach, the edges of the mapped strands often do not precisely correspond to the predicted strands. Conceivably, the availability for labeling of residues at the edges of a strand may be influenced by their interaction with the bilayer, phosphate head groups of the bilayer, and/or residues that begin or end non-membrane spanning loops of the protein. Slight differences in the start and end points of the Tom40 ␤-strands have also occurred in the different modeling studies (11) (12) (13) . Stretches of positive labeling were observed for some regions flanking ␤-strands, as expected for cytosolic or IMS loops (for example, residues 328 -339 following ␤-strand 19). However, certain regions and residues (for example residues 164, 166, and 180 -182) appeared as unexpectedly unlabeled residues. The SCAM results suggest that if strand 9 ends at residue 178, then residues 180 -182 should be accessible to labeling as part of the exposed loop between ␤-strands 9 and 10. However, it has been noted that residues of small loops between membrane spanning ␣-helices can sometimes be inaccessible to Cys-labeling reagents (56) . A similar explanation may hold for the lack of labeling at residues 164 and 166. An alternative possibility is that certain residues may be shielded from labeling via interactions of Tom40 with other proteins that make up the TOM complex.
One unexpected observation was that triple factor Xa cleavage sites inserted at sites expected to disrupt strands 4 and 7 still gave rise to viable transformants. It seemed likely that disruption of the strands would result in loss of Tom40 assembly and subsequent lethality, because the protein is essential for viability. This is especially true for strand 4 where factor Xa sites were inserted near the middle of the ␤ strand identified in our study (after residue 108). It is conceivable that the beginning of the strand was sufficient for assembly and/or that one or more residues of the first factor Xa cleavage site allowed completion of a transmembrane region. Interestingly, the sequence of the factor Xa cleavage site (Ile-Glu-Gly-Arg) occurs in an alternating hydrophobic/hydrophilic pattern following a hydrophilic residue at the site of insertion for both strands 4 and 7. Conceivably, one or more of these amino acids might be included as part of a ␤-strand because their physical properties are appropriate. This might be sufficient to allow assembly. Interestingly, a S. cerevisiae porin construct containing a FLAG tag in predicted ␤-strand 14 of the three-dimensional model was also found to assemble (37) .
To gain further insight into the possibility of maintaining Tom40 assembly and function when ␤ strands are interrupted, we re-examined previous work (19, 40) on the effect of specific mutations on the assembly and function of NcTom40. These studies were completed prior to the appearance of the 19 ␤-strand three-dimensional structure for porin and the modeled Tom40 structure. We were particularly interested in any mutations that could now be placed in the predicted ␤-strand regions of the current model. The position of relevant mutations within NcTom40, and relative to the location of the 19 ␤-strands, is shown in Fig. 6 .
The most C-terminal ␤-strand of Tom40 houses the ␤-signal (XpXGXXhXh: p, polar residue; h, hydrophobic residue) for recognition of incoming ␤-barrel precursors by the sorting and assembly machinery complex (53, 54) . NcTom40 strand 19 contains a match (AKLGMSVSI) to the proposed signal. Examination of the effect of mutations created in this region (19) generally validates the existence of a ␤-strand containing the signal. Both a deletion (⌬KLG) of residues in the signal region and a change of KLG to AAA were examined. In vitro import of a ⌬KLG Tom40 precursor into wild type mitochondria revealed that the mutant protein could not be inserted into the membrane. However, the KLG to AAA version displayed a near wild type assembly phenotype. This suggests that the polar and glycine residues of the conserved sequence are not mandatory for insertion and assembly of Tom40, but that the number of residues in that region of the strand is critical. Alternatively, deletion of an odd number of residues would also break the alternating hydrophobic/hydrophilic pattern of residues in a strand and this could prevent assembly. The ⌬KLG construct was also unable to rescue a tom40 null nucleus, whereas KLG to AAA did rescue. Mitochondria isolated from the AAA mutant strain showed normal import phenotypes for the precursors tested. However, the TOM complex in the KLG to AAA mutant strain showed reduced stability (19) suggesting that the integrity of Tom40 in the TOM complex, and/or interactions with other members of the complex, are dependent on these residues in ␤-strand 19.
Another study characterized several additional mutants involving deletion or Ala substitution of conserved Tom40 sequences (40) . When examined in the context of the N. crassa Tom40 19-strand model, 14 of the mutants have deletions or Ala substitutions of residues affecting predicted ␤-strands ( Fig.  6) . Three of the deletion constructs ⌬SHQ (strand 2), ⌬KK (strand 13), and ⌬EKR (strand 17) affected the C-terminal end were grown in liquid culture, and mitochondria were isolated. Mitochondrial proteins were subjected to SDS-PAGE followed by transfer to nitrocellulose, and immunodecoration with the antibodies indicated on the left. The control strain was 76-26, which contains wild type Tom40. B, isolated mitochondria from the strains indicated (top of panel) were dissolved in 1% digitonin or 1% n-dodecyl-␤-D-maltoside (DDM) for analysis of complex stability using BNGE. Blots were decorated with Tom40 antibody. The controls are Tom6 RIP (a strain lacking Tom6 that shows severely reduced TOM complex stability (51)) and 76-26 (control), which contains wild type TOM complex. C, radiolabeled matrix precursor F 1 ␤ and inner membrane precursor ADP/ATP carrier (AAC) were incubated (for 5 or 20 min, as indicated) with mitochondria isolated from the Tom40 Cys-substitution strains or the 76-26 control. Following import, mitochondria were subjected to SDS-PAGE. Proteins were transferred to nitrocellulose membrane, and import was analyzed by autoradiography. Lysate represents 33% of the radiolabeled lysate added to each import reaction. D, radiolabeled Tom40 precursor was incubated for 5 and 20 min with mitochondria isolated from the Tom40 Cys-substitution strains indicated (top of panel) as well as the 76-26 control strain. Mitochondria were dissolved in 1% digitonin and subjected to BNGE. The proteins were transferred to PVDF membrane and analyzed by autoradiography. The size of the mature TOM complex (400 kDa), and assembly intermediates I (250 kDa) and II (100 kDa) are indicated on the left. * indicates an undefined band.
of the predicted ␤ strands and failed to rescue the Tom40 null nucleus. In vitro assays revealed defects of assembly into the TOM complex for all three deletion proteins. Ala substitution mutants of the same residues did rescue the Tom40 null nucleus. The Ala substitutions for SHQ and KK showed minimal assembly defects in vitro, whereas the EKR substitution showed slow progression past the 100-kDa intermediate II stage. Examination of the TOM complex in isolated mitochondria from the Ala substitution mutants revealed moderate to severe stability defects, again suggesting the importance of those residues for either Tom40 stability or TOM complex interactions. Surprisingly, four additional deletion constructs affecting residues in the predicted ␤-strands 1 (⌬GLRAD), 4 (⌬GLND), 6 (⌬TK), and 7 (⌬QFEHE) of the 19-strand model were able to rescue the tom40 null nucleus. However, the resulting rescued mutant strains displayed reduced growth phenotypes. The Ala substitution versions of these mutants demonstrated little to no growth phenotype. The TOM complex of the strains containing deletions of GLRAD, GLND, or QFEHE also showed severe stability defects, whereas complex stability in the TK deletion was only mildly affected. In vitro assembly assays for the Tom40 protein of these rescuing ␤-strand deletion mutants into wild type mitochondria revealed that all stalled at an intermediate assembly position with very little precursor progressing to the fully assembled TOM complex. The Ala substitution mutants for GLRAD and QFEHE also showed relatively severe assembly defects, whereas those for GLND and TK displayed only a mild assembly phenotype.
The ability of at least some deletion mutants, and all Ala substitution mutants affecting ␤-strands, to rescue Tom40 function in vivo suggests that Tom40 ␤-strand/barrel topology may be flexible to a certain extent and that some mutant proteins have the ability to assemble and function as a viable import pore, despite inefficiencies and structural instability. Particularly interesting is the fact that some mutants lacking portions of predicted ␤-strands can still assemble into a functional pore (strains ⌬GLRAD, ⌬GLND, ⌬TK, and ⌬QFEHE). Further analysis of both Tom40 and porin mutants may shed further light on the requirements for function and assembly, including the features necessary to allow assembly in mutants affected in ␤-strands.
